The structure and mechanical properties of high-density polyethylene filled with molybdenum disulphide (MoS 2 ) were studied.
INtRoductIoN
The filling of polymers with inorganic additives of dispersed and fibrous structure is undoubtedly a promising method for producing polymer composites with prescribed properties [1, 2] . The filling of polymers has an effect equivalent to creating a new material whose properties differ quantitatively and qualitatively from the properties of each of the ingredients of its components. The inherent differences in properties of the materials are directly associated with their quantitative composition and structure. Knowledge of the mechanisms by which the filler affects the structure and properties, governed by the presence in the composite of ingredients of particular physical, mechanical, thermophysical, processing, and other properties, enables existing composite materials to be developed efficiently and new composite materials to be created.
The aim of the present work was to study the effect of a highly dispersed, chemically inert filler on the structure and properties of typical crystallising polyolefins.
ExPERIMENtal
Investigations were conducted on ultrahigh-molecularweight high-density polyethylene [3] , the molecular weight of which was 950 000, the degree of crystallinity 55%, the melting point 137°C, and the density 940 kg/ m 3 , and on polypropylene with a molecular weight of 260 000, a degree of crystallinity of 54%, a melting point of 175°C, and a density of 910 kg/m 3 .
Highly dispersed molybdenum disulphide (MoS 2 ) with a particle size of less than 1 µm was used as the filler. It had already been shown [4, 5] that sulphides of certain metals have a considerable effect on the structure and properties of polyethylene (PE). Composites containing 0.1-10.0 vol% filler were obtained by thorough mixing of MoS 2 with dispersed polymer powders. Specimens for investigation were obtained by hot pressing at a pressure of 35 MPa, and the holding time of the melt under pressure was 20 min. Polymers not containing additives were treated by a similar schedule.
The temperature dependence of the specific heat C p was determined using a DTA calorimeter. The degree of error of the method did not exceed 2%. Thermomechanical curves were taken on a UTU-1 universal thermomechanical unit, and the load was 2.56 MPa. The temperature dependences of the dynamic shear modulus G' and the mechanical loss tangent tg d were obtained by the free oscillation method on a reverse torsion pendulum. The measurement error was in the 5% range.
Investigation and analysis of the temperature dependences of the specific heat make it possible to establish the individual relaxation transitions in polymers and in composites based on them [6, 7] . These processes appear without exposure to external force fields and, according to the classification proposed in reference [8] , are customarily referred to as "relaxation transitions". On each structural relaxation transition, in connection with change in molecular mobility, there is a change in the temperature course of the specific heat function (volume, internal energy, entropy, enthalpy, etc.). The temperatures of the relaxation transitions T i are determined from the inflection point. Dynamic mechanical methods are widely used to study molecular motion. The thermomechanical method remains an important and reliable method for studying polymeric materials. Structural and mechanical relaxation methods give the most universal information on the nature of processes in polymers, as they act on all types of kinetic unit. Jumps in specific heat and maxima on the temperature dependence of tg d appear owing to the unfreezing of individual types of molecular motion. As individual molecular groups in crystallising polymers may lie both in amorphous and in crystalline regions, when the system is brought out of the state of equilibrium, motion of the molecular groups, because of the different activation energies, will unfreeze at different temperatures. From the area of the melting peak on the curve of the temperature dependence of specific heat it is possible to assess the degree of crystallinity of the polymers and the influence of filler on crystallinity in polymer composite materials (PCMs).
An analysis of the results of investigating the change in the specific heat values as a function of temperature showed that the additive used by us has an influence on the supermolecular structure (SMS) of the polymers: the degree of crystallinity changes, the absolute value of the jump in specific heat DC p falls (Figure 1) , the size distribution of the crystalline regions changes, and the thermal effect and the width of the melting interval also change ( Table 1) . This result can be interpreted on the basis of the general mechanism of interaction of polymers with fillers; that is, the presence of a solid surface limits the mobility of the macromolecules at the surface of the particles while probably promoting a reduction in their packing density (loosening). As the filler particle size is fairly small, it can be assumed that, on structure formation, it remains practically evenly distributed throughout the volume of the polymer.
Comparison of the enthalpies of melting made it possible to assess the influence of filler on the crystallinity of polymers ( Table 1) . The narrower the melting range, the more uniform is the size of the crystallites within the specimen. Increase in crystallinity with broadening of the melting range occurs through the formation of additional crystallites of small size. The melting peak temperature corresponds to the melting of the largest crystalline formations.
REsults aNd dIscussIoN
It is known that the filler affects the packing density of low-molecular-weight compounds [1] , and here the packing density of the spherulites is greater when the filler promotes structure formation of the crystallising polymers.
An analysis of Table 1 indicates that, with a low filler content, there is a considerable change in the structure of the PCM: for PE the degree of crystallinity increases at concentrations of 0.3-0.5 vol%, and with further filling the indicated filler promotes considerable amorphisation of the PE. A similar effect of the additive 
Figure 2. Temperature dependences of the dynamic shear modulus (a, c) and the mechanical loss tangent (b, d) of PE-based PCMs
is also observed for polypropylene (PP). For the two polymers, the changes in hardness and density with increase in filler content are largely similar, which is due to the packing density and the loosening of the low-molecular-weight compounds (LMWCs) close to the solid surface of the filler [1] .
Analysing the internal friction spectra (Figure 2 ), attention can be drawn to the fact that the spectra of PE-based PCMs in the vast majority of cases do not have regions of a-relaxation, which is characteristic of polymers with a high degree of crystallinity [8] , and also to the fact that the b-maxima associated with small-scale mobility in the residual amorphous structure are unpronounced. As is known, the b c -transitions responsible for small-scale motions of CH 2 groups in the crystalline phase are very pronounced. Besides this, in the relaxation spectra of PEbased PCMs, a fine structure of the b c -maxima is found. For some PCMs it is also possible to speak of l-transitions, which are responsible for the mobility of the collection of segments. The occurrence of l-transitions can be judged from the melting endotherms in the 60-100°C temperature region. The multiplicity of the transitions is connected with the presence of subsystems in the PCM structure.
The introduction of 0.1 vol% filler into PE leads to splitting of the b c -maxima. The first b c1 -transition (97°C can be considered to be responsible for the mobility of CH 2 groups in the defective part of the crystallites, and the second b c2 -maximum (119°C) to be responsible for the mobility of the same groups in crystallites of more ideal structure. As MoS 2 is a friction modifier, it promotes the plasticisation of the given composite (the temperature of the transitions is lowered). Such a filler concentration has practically no influence on the dynamic shear modulus. A composite containing 0.3 vol% MoS 2 is noted for intermediate properties. This is probably connected with the fact that the crystalline phase of a PE-based PCM with this filler concentration continues to grow. Further filling promotes continuation of plasticisation, a certain increase in mechanical properties, and transition of macromolecules into the boundary-layer phase. This can be attributed to the occurrence of volume effects in the polymer matrix. These include the effect of mutual suppression of crystalline formation growth on artificial nuclei of structure formation (ANS), which is unavoidable when the degree of dispersion of the filler is so great that the average distances between its particles, with minimum degrees of filling, are smaller than the maximum possible size of the spherulites or other crystalline formations. With a concentration of 5 vol%, a considerable amorphous component appears, as indicated by the a-transition on the temperature dependence of tg d.
In contrast to polyethylene, polypropylene, in a recurring unit, has a methyl group instead of hydrogen, which leads to the existence of three small-scale forms of motion in the chain -b, b', and g. The structure of crystalline PP is similar to the structure of polyethylene, and therefore it also has a multiplicity of relaxation transitions. Three relaxation regions are observed [7] : a low-temperature region, associated with the small-scale mobility of CH 2 groups; a medium-temperature region (temperatures ranging from -25 to 25°C), relating to glass transition of macromolecules in the amorphous phase; a hightemperature region in the 50-150°C range, associated with small-scale motions in the crystalline phase.
The observed redistribution of the intensity of maxima characterising relaxation processes with different degrees of filling is due, it appears, to the redistribution of kinetic units responsible for a particular mechanism of molecular mobility under specific conditions. An analysis of internal friction spectra, melting endotherms, and temperature dependences of the dynamic shear modulus of PP makes it possible to conclude that the structural activity of MoS 2 in the polymer is similar.
coNclusIoNs
From thermomechanics data ( Figure 3 ) it is clearly evident that filled specimens, in contrast to unfilled specimens, slightly increase their volume when heated. The introduction of filler into polymers directly affects service properties such as the softening point, heat resistance, and the temperature level of high-elastic strains and their level. This is reflected on the thermomechanical curves of change in the temperatures of transition into the softened state T 1 , the high-elastic (rubbery) state T 2 , and the fluid state T 3 ( Table 2 ). 
